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GRAVITY GRADIENT STABILIZATION SYSTEM ELEMEmTS AND 
ANTENNA STRUCTURES MATERIAL STUDY 

I. INTRODUCTION 8c OBJECTIVES 

The Gravity Gradient Boom Program was conducted by the Marquardt 

Corporation under Contract NAS 5-9599, NASA Goddard Space Fl ight  Center, with 

the object being t o  develop a welded, o r  joined, tube concept f o r  eventual 

fabr icat ion i n t o  an antenna type s t ructure .  Long th in  lightweight s t ruc tures  

have considerable poten t ia l  f o r  s a t e l l i t e  application and a re  under extensive 

investigation f o r  usage i n  several United S ta tes  space programs. 

applications i s  f o r  gravity gradient s a t e l l i t e  s tab i l iza t ion  booms. Booms w i l l  

provide a t t i t u d e  control when acted upon by ea r th ’ s  gravity a8 well as remain 

i n  predetermined or ientat ion with respect t o  a specif ic  ear th  surface area.  

One of these 

In 

addition, i f  the booms a r e  constructed of an e l e c t r i c a l l y  conductive material ,  the 

u t i l i z a t i o n  can well be two-fold, namely, f o r  both o r b i t a l  s t ab i l i za t ion  and 

communication antenna. 

I n i t i a l  phases of the boom program required the design, develop- 

ment and fabricat ion of prototype antennas. Material recommendations from NASA 

were l imited t o  lBrush 25 (BeCu alloy) o r  equivalent. An equivalent material, 

(Brush 190) was selected by TMC because of ava i l ab i l i t y  i n  the f o m  required 

and more a t t r a c t i v e  mechanical properties.  

The final phase of the boom program required the optimizatian 

of boom design, the determination and implementation of manufacturing procedures, 

the mechanical property evaluation of a fabricated antenna section, ( h i g h l i b t -  

lng  bend and tors iona l  strength),  and the  design and fabricat ion of a deploy- 

ment mechanism capable of projecting and/or coi l ing the completed canfigurated 

boom a t  2 + 1,/2 feet per second. - 
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Included i n  the foregoing, were o ther  spec i f i c  NASA requirements 

f o r  boom fabricat ion and control,  which included extremely t i g h t  longi tudinal  

s t ra ightness ,  f l a t  edge faying surfaces, key qua l i ty  assurance provisions en- 

compassing center  s t r i p  sectioning, surface condition, chemical-physical prop- 

e r t y  documentation of each batch u t i l i zed ,  forming of half-sect ions,  the 

assembly i n t o  modified tubular configurations and technique control  f o r  s t ruc-  

t u r a l l y  joining the e n t i r e  antenna length.  Gas t i g h t  edge closures w e r e  not 

a requirement, although some consideration w a s  given t o  t h a t  a rea .  

11. SUMMARY 

1. The s t r i p ,  o r  f o i l ,  s e l e c t e d b y  TMC f o r  s l i t t i n g ,  forming, 

welding and perforat ing i n t o  completed boom antennas was Brush l9O i n  t he  4 HM 
temper, 0.0015" thickness. 

2. Procured s t r i p  width was 4'' and u t i l i z e d  s t r i p  was a 2" wide 

sec t ion  s l i t  from the  center  of the s t r i p .  

3.  

Company, Pic0 Rivera, Cal i fornia .  

S l i t t i n g  of the f o i l  was performed by Krusen Wire and S t e e l  

4. Forming of the s t r i p  was performed by Universal Molding 

Company, Lynwood, California,  by using spec ia l ly  designed, precision ground 

r o l l s  t o  induce longi tudinal  indentations (scoring) i n  order t o  improve the 

r i g i d i t y  cha rac t e r i s t i c s  and preclude springback. 

5. 

hsadena, Cal i fornia  and by TMC. 

t a l  nature ,  and t h e  second technique (TMC development) was a refinement of the 

former. 

Resistance spot welding was performed by Inland Blectronics,  

The i n i t i a l  spot welding was of an experimen- 

6. Perforation of the boom flanges w a s  performed a t  the !CMC 

Astro Shop f a c i l i t y .  
\ I  
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7. An analy t ica l  study was conducted t o  generate the most 

feasible  configuration f o r  producing antennas capable of collapsing and being 

ro l led  onto a spool without p l a s t i c  deformation, as well as reassuming i t s  

or ig ina l  tubular  form upon deployment. (The f i n a l  design configuration is . 

shown i n  Fig. 4 )  

8. Prototype booms of three and ten  foot lengths were f ab r i -  

cated and shipped t o  NASA. 

9 .  Optimum ( f i n a l )  design booms of ten and for ty-f ive foot  

lengths were fabricated and shipped t o  NASA. 

deployment mechanism. 

One length w a s  i n s t a l l ed  on the 

10. A deployment mechanism was designed, bu i l t  and t e s t ed  a t  

TMC, using the f i n a l  design for ty-f ive foot booms t o  check its operation 

charac te r i s t ics .  Deployment speed was two f e e t  per second. (Fig. 6) 0 
11. Simultaneous bending and tors iona l  t e s t s ,  consisting of 

one foot pound and 0.005 f t .  pound respectively, were performed on one foot 

sections of the boom f i n a l  design. 

(Table I and Fig. 5 )  

Results were not completely sa t i s fac tory .  

12. 

r o l l s  from one t o  three times. 

Half-shell boom sections were passed through the forming 

a. The single pass r o l l  operation did not increase the  

bending-torsional property above 0.5 f t  . lb. ,  

b .  The double pass r a l l  operation increased the bending- 

tors iona l  property t o  0.7 f t .  lb., 

c.  The three pass roll operation ( a  post program endeavor) 

increased the  bending-torsional properties t o  above the one f t .  lb. requireplcnt. 
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1 3 .  Storage t e s t s  were performed f o r  periods up t o  one m n t h .  

E i g h t  foot  antenna lengths were t i gh t ly  wrapped ( f l a t t ened  and compressed) on 

a 16" diameter spool and s tored for periods of one week at room temperature. 

A t  the  end of each week, the antenna was deployed and re ro l led  a miniaaum of 

f ive  times. Examination of the antenna surfaces and joined edges a f t e r  each 

time period, indicated no detrimental e f fec t .  

I11 0 RESULTS AND CONCLUSIONS 

A. Results 

1. Figures 1 and 2 compare the r e su l t s  of room temperature 

t e n s i l e  t e s t ing  Brush 190 - 1/2 HM 0.0015" f o i l .  

in/in/sec.  

S t r a in  r a t e  used was 0.001 

The data received from Brush i s  included f o r  a d i r ec t  comparison. 

The TMC generated data revealed the following: 

a .  Average proportional l i m i t  of - 84.9 KSI 

b. Average modulus of e l a s t i c i t y  - 16.7 x 10 6 p s i  

c . Average ulimate t e n s i l e  - 133.4 KSI 

d. Average y ie ld  strength - 126.7 KSI 

As shown, the Brush data exhibi ts  higher values f o r  

modulus and proportional limit bu t  lower values i n  the  s ign i f icant  y i e ld  area. 

2.  Fig. 3 i s  a photomicrograph de ta i l ing  the microstructure 

During form- of Brush 190 Beryllium-Copper s t r ip ,  a f t e r  the forming operation. 

ing, scoring marks (indentations) a r e  introduced longi tudinal ly  on the sheet 

surface, i . e .  the  "hat" section of t he  half she l l .  These scoring lasrks Improve 

the basic  r i g i d i t y  of the  alloy as w e l l  as preclude springback after the  rheet 

passes through the  mlls and is  formed. S t ra in  l i n e s  an introduced, however, 

t he re  i s  no evidence of cut t ing although uniform thinning did result. 
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3 .  Fig. 4 depicts the  proposed f i n a l  boom configuration, 

which was determined after the  ana ly t ica l  study was completed. All final de- 

sign booms incorporated the basic  dimensions shown. The dimensions were 

achieved with one pass through the forming r o l l s .  

passes through the r o l l s  did not dis turb o r  a l t e r  the configuration, although 

the  improvement i n  bending strengths exhibited was very s ign i f i can t .  

Subsequent two and three  

4. Fig.  5 i s  a photograph of t he  i n i t i a l  t o r s iona l  bending 

t e s t s .  

simultaneously. 

Test  results on t h i s  s ing le  r o l l  pass specimen a re  tabulated i n  Table I. The 

antenna passed the p a r a l l e l  t o  perforated edge t e s t s  but  f a i l e d  the t ransverse 

tests.  Iater tests of an ident ica l  nature were performed on double and t r i p l e  

r o l l e d  welded-perforated antennas. The double ro l l ed  antennas achieved 0.7 f t .  

lb .  t ransversely before failure and the t r i p l e  ro l led  antennas successful ly  passed 

the  one l b .  bending - 0.005 to rs iona l  moments. 

Bending loads were one f t .  lb .  and tors iona l  loads 0.005 f t .  l b s  . appl ied 

The test  specimen i s  one foot  long and of f i n a l  antenna design. 

5 .  Figure 6 is  a photograph of the TMC designed and b u i l t  

This deployment mechanism was successful in bo i l e rp l a t e  deployment mechanism. 

s a t i s f a c t o r i l y  co i l ing  up and deploying, as required, for ty- f ive  foot  length8 

of antenna. Maximum deployment speed was two f e e t  per second. 

B. Conclusions 

Based on the r e su l t s  of t h i s  program, it may be concluded: 

1. The Brush 190 - 1/2 HM temper, 0.0015 " thick f o i l  i o  

s u i t a b l e  both from a s t rength and weight standpoint f o r  fabr ica t ing  antenna 

h a l f  - she l l s .  

2. The forming technique, whereby longi tudinal  scoring of 

t h e  formed surfaces increases the r i g i d i t y  and precludes springback, is a 

f e a s i b l e  approach. 

-5-  
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3.  The spot welding of the half-shel ls  i n t o  a semi tubular  

configuration is  sa t i s fac tory  f o r  r e l i ab ly  joining r e l a t ive ly  long antenna 

lengths.  

4. The mult i -pass ,  o r  r e r o l l  technique, t o  improve the 

bending-torsional moment capabi l i ty  was a major break-through i n  assuring 

s t ruc tu ra l  capabi l i ty .  

5 .  It i s  possible t o  design and build a deployment mechanism 

capable of quickly and r e l i ab ly  extending o r  rewinding the boom antenna as re- 

quired. 

6 .  That the basic development techniques worked out i n  

t h i s  program can be extrapolated in to  a more sophisticated approach f o r  produc- 

ing boom antenna a t  lengths t o  1000 f e e t  o r  grea te r .  

Iv. REC OMMEXDATIONS 

The experience derived from t h i s  program enable recommendations 

t o  be separated i n t o  f ive  categories, as follows: 

1. Additional design and development work i s  required t o  insure 

t h a t  a single r o l l  forming pass w i l l  generate adequate r i g i d i t y  i n  the  Brush 190, 

i .e.  one foot  lb .  bending and 0.005 to rs iona l  moments. 

2. Effor t s  a r e  required i n  the fabrication phase t o  permit the 

co i l i ng  of extremely long lengths of ha l f - she l l  antenna f o r  subsequent joining, 

perforat ing and recoi l ing as completed antenna w i t h  a minimum space u t i l i z a t i o n .  

3.  The deployment mechanism requires addi t ional  deaign a c t i v i t y  

t o  reduce i t s  s ize  and weight for  eventual space application. I n  addition, greater 

sophis t icat ion of i t s  operational features a re  required. 

4. The joining of t he  flanged boom hal f - she l l s  should be re-evaluakit, 

w i t h  the prospect of using the Laser welding process f o r  gas closure seamlng. me 
0 

Laser process has extreme potent ia l  if the developtent effort is adequately supported. 
. 
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5 .  Serious consideration should a l s o  be given t o  modify3ng ex is t ing  

I Electron Beam welding equipment to continuously seam the antenna flanges for gas t i g h t  

clorure. The technique of appl icat ion should incorporate a method for  both local iz ing 

the controlled protective vacuum and positioning the tooling outside the chamber. Both 

modification of exis t ing E .  B. equipment and the design of development tooling w i l l  be 

required. 

v. TECHNICAL DISCUSSION 

This program was divided i n t o  three main phases: 

A.  Analytical Studies 

€3. Material & Process 

1. Boom Configuration (Prototype) 

2. 

3 .  Testing 

Forming Operation ( F i n a l  Boom Conf iguration) 

a. Straightness 

b. s t i f fnes s  

c .  Storage & Flexure 

C . Deployment Mechanism Design 

A.  Analytical  Studies (See Attachment) 

Analytical  s tudies  were performed t o  determine the forces,  momenta 

and dlsplscements when losdfngs a re  applied t o  f u l l y  f l a t t e n  an optimum tubular cro88 

sec t ion .  Specific boom geometry requirements included s t i f fnes s ,  mass, width and 

no p l a s t i c  deformation when f l a t  and coi led,  

B .  Material & Procese 

The boom material  was required t o  be a copper-beryllium alloy, 

1 Brush 25, or equivalent, and t o  meet the requirements of Brush Beryllium Company Parte 

Sheet on Brush 25. Alloy(s) u t i l i zed  were required (end item usage) t o  be ro l led  t o  a 
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wldth of 4-6" and the section for  antenna fabricat ion t o  be extracted ( s l i t )  t o  Q 

two inch maximum width from the center section of the start ine;  s t r i p .  Maximum 

crossbow permissible (ve r t i ca l ly )  over the two inch width  was 0.125". Additional 

requirements for  the selected post s l i t  material  and fabricated antennas included 

-~ 

a maximum deviation of 0.25'' for  every s i x  f ee t ,  a maximum permissible edge r ipp le  

of 0.010" amplitude with a s i x  inch minimum period and the surfaces t o  be clean, 

f ree  of oxides, marks and scratches.  

t en  foot  and forty-five foot  lengths. 

Deliverable antenna8 were t o  be i n  three foot,  

Marquardt selected Brush Beryllium 190 over the Brush 25 al loy,  

because while these a l loys  a re  essent ia l ly  the same, the 190 can be obtained in  the 

m i l l  heat t reated condition, which eliminates the need f o r  post fabricatiorr h n t  

treatment. Heat t r ea t ing  a f t e r  fabrication would be d i f f i c u l t  becawe of the 

absence of avai lable  f a c i l i t i e s  o r  by the inducement of warpage i n  the finiehed 

product e 

The 'formability of Brush l 9 O  i s  less than that of Brush 25, k - 
problem la rge ly  overcome by the thinness of the antenna material and the ponirriblo 

r e l a t i v e l y  large radius of formed half sections. Material thickness lieri'btiona wore 

imposed by the araximum permissible llll~aei par un i t  length of 0,6 x 10.3 rL&/foot, 

t a p e r  l ~ r l r  a r t r r i n  of ~ r u r h  190 beryllium-copger of 1/2 

0.0045 in/in et the proportional l i m i t ,  a d  0.008 in/ln at the yield rfrrryt8. 

(A-lytical studies conducted pr ior  t o  f iml  boom configjuration deterrlnatiora *irrdi -  

Gated that the s t r a in ,  when f la t tened  and coileU, wao 0.0037 in/in, whiaL penrl t ted  

stme margin during IPsuufscture.) 8ee Figs. 1 ared 2 for a c o r p r i r o n  of Merqusrdt and 

)rarrr B t s ~ l l i ~  Wtr. * 
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1. Egm- Configuration (Prototype) 

The weight l imitat ion per foot  of the antenna required the 

This s t r i p  material was t o  be formed form of material u t i l i zed  t o  be f o i l  o r  s t r i p .  

in to  a modified tubular configuration and capable of being f la t tened and coiled. 

Permissible radius on the finished 

of 0.002" t o  a radius of 0.50" f o r  

tube dimension, including flanges, 

Areas of 

tube could vary from 0.35" fo r  a wall thickness 

a wall thickness of  0.0015". Maximum unrestrained 

was not t o  exceed two inches. 

prime consideration for  the completed antenna were 

weight, bending and tors iona l  strengths, thickness and resu l tan t  microetructure, as 

well as the overal l  techniques of manufacture, which spec i f ica l ly  highlighted forming 

and joining. 

The numerous joining processes available were evaluated 

f o r  appl icat ion t o  the antenna. 

Laser welding, res is tance welding (both spot and seam), brazing and soldering qnd 

so l id  state diffusion bonding. Marquardt selected resis tance spot welding as the 

This evaluation encompassed TIG and EB welding, 

most applicable process. 

not a specif ic  requirement. 

Seam welding was discarded because gas t igh t  closures were 

TIC and E .  B.  welding were eliminated because of weld 
> 

- 
shrinkage and the excessive amount of cast s t ructure  generated. Laser welding was 

re jec ted  because the "state-of-the-art" of t h i s  process had not suf f ic ien t ly  progressed 

f o r  ser ious consideratioo as a re l iab le  technique. Brazing and soldering were deemed 

unsui table  becauee of the necessary long time development program needed and the 

problems of r e l i ab ly  joining the long lengths without undue dietor t ion.  

bonding was d in l lowed because of the  d i f f i c u l t y  i n  rtrucWr8lLy joining the t h i n  

pieces of materirl, as well aa the rather experimental nature of the  process. 

Dlffurion 

For the i n i t i a l ,  or prototype, forming (Pf antaepp. CQI- 

. f igura t ions ,  several  pounds of 1/2 HI4 temper Brush 190, 0.0015" th ick  and 1-5/6* 

wide utde were procured. Although the ana ly t ica l  study leading t o  final boom 

-9 - 



-_ - configuration was not yet  completed, it was f e l t  necessary t o  generate adqi t ional  

d a t e  on the as-formed charac te r i s t ics  o f  Brush 190. 

the  a n a l y t i c a l  study had accounted f o r  the s t r e s ses  induced by f l a t t e n i n g  and 

co i l ing  of the anticipated shape and indicated an optimum cross section could be 

(Preliminary calculat ions from 

s a t i s f a c t o r i l y  produced t h a t  would not p l a s t i c a l l y  deform. ) 

ment was designed, b u i l t  and u t i l i z e d  fo r  producing i n i t i a l l y  two three-foot proto- 

type booms. 

through the forming r o l l e r s .  

scoring (indentations) on the crown surface ( h a t )  of the half-shell  t o  increase the 

r i g i d i t y  of the structure and preclude springback of the Brush 190 f o i l .  

forming, the half-sections were resistance spot welded in to  the prototype boom 

configuration. 

Calif., and spot welding was performed by Inland Electronics, Pasadena, Calif, 

Because t h i s  was a prototype configuration, tors ional  and bending tes ts  were not 

Prototype forming equip- 

H a l f  sections were produced by passing the copper-beryllium s t r i p  

The forming r o l l s  were designed t o  induce multiple 

After 

Forming was performed by the Universal Molding Company, Lynwood, 

conducted, and the booms were subsequently shipped t o  NASA. 

To determine the e f f e c t s  of the forming on the micro- 

s t ruc ture  of the f o i l ,  a metallographic examination was conducted, 

t he  microstructure of one of the indentations. 

l i n e s  were intrxluced, however, there i s  no evidence of c u t t i r g  and the indentations 

merely :;how -;miform th imizg  , 

Figure 3 shows 

As noted, a large number of s t r a i n  

2. Forming Operatio; ( F i n a l  Boon: Configuration) 

a .  Detailed consideration of necessary manufacturing 

sequences was given t o  determine the order of operation for  producing cortpleted 

booms. 

(2) spot  welding, and ( 4 )  - perforating. 

The sequence of operations were determined t o  be (1) - s l i t t i n g ,  (1) forming, 

-10- 



b.  A t  t h i s  time, the ana ly t i ca l  study had been com- 

pleted and the f i n a l  boom configuration determined. 

in Fig. 4 .  

induced well within the capabi l i ty  of the 1/2 HM Brush 190 without p l a s t i c  deforma- 

t i o n  occurring. 

of the completed boom were within the  scope of t h i s  configuration. 

The configuration is  depicted 

This configuration, when f la t tened and coi led,  has 0.0037 in/in strain 

It was l a t e r  determined t h a t  the  bending and tors iona l  requirements 

c .  Thirty pounds of Brush 190 a l l o y  were received from 

the Brush Beryllium Corporation, custom ro l led  t o  4" width, 0.0015 2 O.dOO1 i n  thick 

and of )1 /2  HM temper. 

performed by Krusen Wire and Stee l  Company, Pic0 Rivera, Calif . ,  a loca l  material  

vendor-representative of Brush. Krusen u t i l i z e s  a precise technique t o  eliminate 

o r  leave edge r ipp le  t o  a mininluy. "he s l i t  mater ia l  was formed in to  half-shells 

by Universal Molding Company, Lynwood, Calif., who had previously formed the 

prototypes. 

and precision ground t o  achieve the requirements of the  optimum boom configuration.)  

Uhiversal Molding is a spec ia l i s t  i n  the f i e l d  of r o l l  forming and t h e i r  preliminary 

s tudies  on shaping the  beryllium-copper f o i l  revealed that it was impossible t o  form 

A s t r i p  1.850" wide was s l i t  from the center .  S l i t t i n g  was 

(The forming r o l l s  u t i l i zed  f o r  the  prototype antennas had been reworked 

t h e  required shape using s tandard  techniques. 

fox1 required t h a t  it be formed around r a d i i  of 5-10 times the thicknese of the  

material, and the  most feas ib le  method of  achieving t h i s  waa by scoring or inducing 

longi tudinal  indentations.  

necessary indentations,  with depth and spacing var ia t ions  permitted by ad jus t ing  

tl!k r o l l i n g  pressures.  This technique was used t o  generate the tubular half-sectlane, 

with the scoring induced in to  the "hat" area alone. 

two rol l  passes. 

The spring back and thinness of the 

The two ro l l i ng  cylinders were designed t o  induce the  

' 

The optimum deeign igc-rshd 
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d .  The half-shel ls  formed by Universal Molding were 

resis tance spot welded by Inland Electronics i n t o  the optimum configuration, Each - -  v 
completed antenna was ten f e e t  long. 

at the  Marquardt shop f a c i l i t i e s  and subsequently shipped t o  NASA. (Later on i n  the 

program, following the t e s t ing  -phase, two for ty-f ive foot  long antennas were formed, 

welded and perforated ag above with one being ins ta l led  on the deployment mechanism 

Following welding, the booms were perforated 
. 

9 

I 

and shipped t o  NASA.) 

3 .  Tert ing 

Ae noted, the two t e n  foot  antennas shipped t o  NASA were 

of the f ina l ,  or optimum, design. Manufacturing techniques u t i l i zed  final forming, 

tooling, welding procedures and perforation methods applicable f o r  forth-five foot  

. antennas. 

A limited amount of t e s t ing  was required t o  determine 

spec i f ic  properties,  such as longitudinal straightness,  s t i f fnes s ,  storage and 

f lexwe , 

a. The longitudinal straightness of the flanged edges 

were not  t o  exceed - + 1/4" i n  any three foot  length, nor the  ro ta t ion  of the s a m  

exceed 30' 4n a forth-five foot length. 

for ty-f ive foot  antenna lengths. 

These requirements were met i n  the shipped 

b. The boom material was required t o  sustain, without 

collapsing, a one-ft-lb bending moment during the simultaneous application of a tor- 

s iona l  moment of not l e s s  than 0.005 f t - l b .  Preliminary bending and tors iona l  

t e s t i n g  was performed on three one-foot sections of the f i n a l  antenna desi'-. 

esc%lone were mounted between two plexiglassa sheets using an epoxy cement, (ze shown 

Th-r?: 

Fig. 9. Specimene were loaded mechanically, i n  a transverse direct icm t o  a 

moment of one-foot pound, with a torque of 0.005 f t - l b  simultaneoualy introduced. 

-12- 



mis was accomplished by calculat ing the lever  arm required, i . e . ,  the  distance 

from the center l ine of the specimen, and loaded accordingly. No p l a s t i c  deformation 

occurred under the one f t - l b  loading with the 0.005 f t - l b  tors iona l  also applied, 

waen loaded i n  a direct ion ,paral le l  t o  the perforated edges. 
I 

Failure  d i d  occur 

when the same loadings were applied transversely.  Results a r e  shown tn Table I. 

(These tests were i n i t i a l l y  performed on single r o l l e r  pass f i n a l  design antennas, 

and re tes ted  on the double r o l l e r  pass f i n a l  design.) 

The r e s u l t s  of bending and to r s iona l  te 'st ing the  

double pass f i n a l  design antennas indicated a capabi l i ty  t o  sustain a bending 

moment of 0.7 f t - l b  before collapsing, not  qui te  within specif icat ion requirements. 

Technique of applying the bending and t o r s iona l  loads were similar t o  t h e  i n i t i a l  

t e s t s .  A t  a later date, t r i p l e  r o l l  pass specimens were evaluated and found t o  be 

ca,pable of sustaining the one f t - lb  bending and the 0.005 f t - l b  tors iona l  moments 

without failure, 

0 
However, t h i s  l a t t e r  development was achieved too late fo r  the  

forming technique t o  be u t i l i zed  on t h e  pr ior  shipped for ty-f ive foot  antennas. 

However, a ten  foot  t r i p l e  rol led length was fabricated and sent t o  NASA for  fur ther  

t e s t i n g ,  

c .  A firiished (completed) boom of f inal  design three  

foot  minZmum length was required t o  be coi led on a r e e l  and stored f o r  a period of 

one week, removed, released and rerol led a minimum of f ive  times. The storage and 

t e s t i n g  operation was performed on a weekly basis fo r  a period of one month. The 

joined edges 'atad surface smoothness were to ' be  V€sually examined each'week. All 

NAa-requTrements were met and exceeded. Boom sect ions ( e igh t  f e e t  i n  length) were 

fabrtcateb and wrapped around sixteen inch diameter spools, similar t o  the one w e d  

on the Deployment Mechanism (see Section C )  and subjected t o  the storage, release aad 

re ro l l  t e s t  requirement, 

I 

. .1) 
Inspection of the joined edges and surfaces a t  the intarvalrr 

/ 

required showed a l l  boom lengths thus t e s t ed  t o  be sa t i s fac tory .  
-13- 
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C .  m e a t  Mechanism 

In order t o  achieve all goals of the  gravi ty  gradient boom 

propm,  it was necessary to design and build a device capable of deploying the 

fabricated antennae. This device, termed a deployment mechanism,was required t o  

deploy a fortywfive foot  antenna a t  the r a t e  of 2 -+- 1[2 feet per second. 

deployment mechanism could be of the boi ler  plate/laboratory type and cshould be 

able t o  deploy the boom i n  a ver t i ca l  direct ion,  such that the antenna a t  t h i r t y  

f e e t  would not deviate by more than + 1/2 inch from the ve r t i ca l .  

! 

The 

- 
A motor driven deployment mechanisa wae designed (and b u i l t  

by Marquardt] with a maximum speed of two feet  per'  second. 

employed between the r e e l  and sprocket drive t o  allow the antenna t o  spring out 

Guide r o l l e r s  we2e 

t o  i t s  tu%ular configuration in  a uniform and controlled manner. 

stopping'was achieved by incorporating a revolution counter on the storage r ee l .  

When the forty-five foot  antenna i s  deployed, the counter .activpItiea re lays t o  die- 

Deployment 

0 

engaee the clutch driving the sprocket and appl ies  the electromagnetic brake t o  the  I 

storage me1 s h a f t .  All components for  the dcpl@yment mechanism (motor, speed, coa- 

t r o l ,  g a r  reducer, sprocket, electromagnetic c lutch and brake, overrunning clutch, 

pulley, e t c . )  were selected as off the shelf stock items. 
I 

The type of perforations used i n  each antenna was determined 

after a careful investigation, 

commercial type perforation configvration t o  minimize the problems (cost  and ewe)  

i n  the procurement of Iprtchiw sprockets. Eventually, the ElA R8-227 perforation, 

which C W I B ~ B ~  ef o.046 iarh d i u e t e r  hoL8r QU 0.1QQ inch c811t~r1, VI# sa leckd .  

All antenna6 fabricated by Marquarat incorporated tbe for80 

going perrorsrti-ons. Actual gerforatiaus were perfonred l a  the Mrqur rd t  I(rtWactur1y 

f a c i l i t y .  

i n o t r l l e d  . 

It was considered desirable t o  se lec t  a standard 

Fig. 6 depicts the deployment aschrnirm with a section length @f rubruu 

-3.4- 
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A) Durillg Defoimrtlon 
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A) Diamond Crose-Section 
I 

B) Typical Element 0-1 

FIGURE 3A 

The geometry of 6 diamoud-shaped cross-section boom 1s illustrated 

in  T i w e  2~ . The rigid jointed truss I s  composed of the four identical 

members 0-1, 1-2, 2-3, and 3-0. The leugth, area, moment of inertla, and 

Modulus of Elesticity of each member Is designated by the symbols L, A, 

I, and 2, respectively. 

Loads applied at the apexes of the true8 are illustrated in Figure 2A. 

Because of the symmetry of both stiffnese and loading the elmtic a n a l y e l e  

of the otructure is somewhat eimpllfled. In fact the deformetlon of the 

structure may be evaluated by consldarla& the motion of a elnCle member. 

For this  purpooc the caatilever beam member 0-1, shown i a  Zlgure  3 A  (b), 

I s  oelected. For emall e b s t i c  strains tho dcformrrtions U1, Ug, and U 3 

induced by the laads F1, P2, ana F arc related by the matrix expreeeion, 3 

U = A F  b.1) 
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Matrix (A,I) represcnts the erpressioa 

where 

2 2 3 '  s i n a  
A 2  

A~ = L ( aos o( + 
3 

3 LI 

- 
*12 - 3 E I  A L  

L 2  
1 3 -  2 1;I 

L3 

A - - C 0 8  d 

2 2 3 I cos o( 1 
+ >  

= - ( sin os 

Because of symmetry the c.mn.ze i n  slope a, Station 0 -6 zero. If 

use Is mode of thls bouudary condition one obtains from (A.2) the reduced 

matrix expression 

{;} = p" B12 "-1 *22 {;;} 
The coefflcieut~ B of (A.3) are 

13 



2 - A /A 13 33 BU = AU 

2 I sin2,( ) Ti? ( cos a + L3 - -  - 
12 ZI 

2 
B = A - A  /A 
22 22 23 33 

12 E1 A L‘ 

FORCES, I.y>”l!S, AND DISPLACEMENTS 

If w e  is made of the previously derived expressions the axial  

and shearing forces and the bendirg moments and deflections may be 

aomputed. The following results are obtained, 

T = Axial tension 

V = Shearing force 

M = Bendiug Moment 

1 - - - F1 s i n  d + Y2 cos 0s 

F cos* + F sin 4 - - 
1 2 

I = (L/2 - x)(P, cosot + F s i n u )  
2 

U,(x) = Vert. Deflection t x2(3 L - 2 x)( F1 cos d + F 2 einoc d 
12 LX 



FORCES. MOMENTS. AND DISPLACEMENTS cont’d. 

For the preoent investigation we are primarily ln te rco ted  i n  

the s t r e s see  Induced In the s t ruc tu re  while In the process of being 

defonned. It l a  therefore  convenient t o  express V, M, and U,(x) In 

term8 of the v e r t i c a l  dlsphcement of the ligament end, U1(L). :?ram 

(A.8) one obtains the followlug re la t ione  

3 v ’= 12 21 U1(L)/L 

where 

The outer  f i b e r  s t r a i n s  induced by bending w l l l  next be deter-  

mined. If use l e  made of the second of Eqs .(A .9) one obtains 

+ 6c (L - 2 x) U&L) - L3 
then 

- - 0 -  U1(L) 43 end x = LJ 
+ L* 

Zqa.(A.U) are for a flat  eheet of thickneer, h. Tenelle s t r a lna  at 

the ou te r  fiber are cdnsldered poel t loe.  

-’. J - 
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DISPIAC- WHRl CROSS-SmION FULLY C O u A p s E D  

I I O  

A 

0 

FIGURE 4A 

Figure 4u illustrates the deformation patterns which the structure 

w i l l  undergo when loads are applied a t  the four corners of the cro88- 

section. It I s  seen that the members cannot be fully flattened before 

they w i l l  make contact at 80me station along their length, Once the 

contact ha8 been made to fur ther  flatben the structure w i l l  induce large 

strains at the four corners. However, it is possible to collapse the 

cms~-section nearly flat while keeping the strains within the elastic 

range. This section will determine this pennierible flatness. 

Fram F Q u m  the vertical clearance, C, is seen to be given by 

the axpreeeioa, 

Subrtitutirrg Ul(x),fran the lest equatiou of (A&, into ( A . U )  gives 

7 
- 1 -  



A t  the time contact l e  W e  the clearance l e  zem. Froso (A.14) one 
0 

obtain8 the diaplacemnt U (L) at zero clearance as 1 

Within the mag8 o f ,  0 < x / L  < 1 , tu0 roots w l l l  glve the umclmum 

valuer f o r  (A.l.5) . These roots are at .x/L = 0.25 and 1.0. Since the 

h o t  af the two roots l e  a boundary condition only the value x/L = 0.25 

l e  af meqnlag here. Iuaertiog this mot into (A.15) one obtains 

u p )  
= 0.809 ( A m  m 

Next, aubstltutlng ( A . l 6 )  Into (A.14) one obtains the clewancee a t  

other etatione aloug the member as, 

If ( A . l 6 )  I s  substituted into ( A . 1 2 )  the maximum bending etralns 

which are developed are obtained. These are found t o  be 

- - 2.667(hF) s in& + - 

-4 



TAB= A-1: C U L J L A T I O N  OF VERTICAL DEFLECT1016 AND CLi;;ARANCES 014. 

71, 
x/L 

- 
0 

0 .d 

o .e 

0 0 2 5  

0.3 

0.4 

0.5 

> 0.6 

0.7 

0.8 

0.9 

1 .o 

DWWIJD SHAPE CROSS-SECTION TRUSS - 

0 

0 .2 

0.4 

0 - 5  

0.6 

0.8 

1 .o 

1.2 

1.4 

1.6 

1.8 

2 .o 

0 

0.01 

0.04 

0.0625 

0 .og 

0 b I - 6  

0.25 

0.36 

0 .49 

0.64 

0 001 

1 .oo 

(4) 

3 -00 

2 .m 
2.60 

2.50 

2.40 

2 0 2 0  

2 .oo 

1 .t30 

1.60 

1.40 

1 .20 

1 .oo 

( 5 )  

0 

0,00889 

0 003556 

0 005563 

0 .O&Ol 

0 .14224 

0 .=25 

0.32004 

0.43561 

0,56896 

0 872009 

0 -089 

0 

0.02409 

o .092J+6 

0.13908 

0.19202 

0 031293 

0 .a450 

0 -57607 

0.63638 

0 -79794 

0.86411 

0 .a89 

0 .u 
0 -0359 

o .00346 

0 

o .00302 

0.0239 

0 00555 

o .08707 

0 .lo738 

0.10894 

0.07511 

0 
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FIGLJRE 7A 

Figure 7~ show8 an idealized concept of the wa$ In whlch a string, 

cable, e tc , ,  might be coiled on a drum. To determine the drum s ize  

required one olay treat the coiled member as a spiral having 8 constant 

rice per revolution. Tor th is  inves t lg~ t iou  the rise I s  denoted by the 

aymbol, !io The =diu8 of curveture, , is then given by the expression 

vkrc  e is the radius of curvature at the point where the coil ing 

begla6 sad 8 
a 

l e  the coiling angle measured a l so  from the i n i t i a l  poln t .  

The arc l-th,S, i e  given by the relation 

S 

S = I [e2 + (iip/d0)2 ] ’/* de 
0 

(2.2) 



PerfominGt the mathematics required with (B .1) and cubbtitutin; the 

reeulte into (B.2) ~ i v e s ,  

Intecmting (3.3) and evaluating between the limits indicated Gives the 

arc lewth 8 8 ,  

i + c e  + [ ( i + c e )  2 c c * Ill2 )} 0 . 4 )  
2 1/2 

1 t ( l + c  1 +(c/2) Ln 

..q. ( B . 4 )  I s  Lomcirhat cumbersome to  evaluate. In certain probletus 

i t  m y  be used in a mrc compact form with adequate accuracy. For Instance, 

the problem where c (( 1 may be evaluated from the relation, 

\#ken 8 < Q0/2 H then (D.6 )  reduces still further. The result in  this 

case is the veU known relation 

- i  ,,- 
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TABLE I 
Specimen No. h a d i n g  Direction* Length 

1 P 12 i n .  

1 T 12 i n .  

2 P 12 in. 

2 T 12 in. 

3 P 12 in .  

3 T 12 in. 

it P = parallel t o  perforated edges 
T = t ransverse t o  perforated eages 

Load 

1.0 lb. 

0.5 lb. 

1.0 lb. 

0.45 lb. 

1.0 lb. 

- 

Results 

pass 

Shear Fa i lure  

Pass 

Shear Fa i lure  

Pass 

Not t e s t e d  

- l ) r  - 
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FIGURE 1 
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Figure 3. Microstructure  of Brush 190 Beryllium-Copper S t r i p  

Af te r  Forming i n  the M i l l  Heat Treated Condition. 
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SYMM I 

PROPOSED FINAL BOOM CONFIGURATION 
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SETUP FOR BEND~NG--MRSIONAL TEST or3 OE-FOOT ANTENNA 
4 I M C H  56 $1 

FIGURE 'j 
-19- 



BOOM DEPM)'J6MEMT MECHANISM=--BOILE23PUTE 
10 MARCH 66 6u> 

FIGURE 6 
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